The KE4 proteins are an emerging group of proteins with little known functional data. In the present study, we report the first characterization of the recombinant human KE4 protein in mammalian cells. The KE4 sequences are included in the subfamily of ZIP (Zrt-, Irt-like Proteins) zinc transporters, which we have termed LZT (LIV-1 subfamily of ZIP zinc Transporters). All these LZT sequences contain similarities to ZIP transporters, including the consensus sequence in transmembrane domain IV, which is essential for zinc transport. However, the new LZT subfamily can be separated from other ZIP transporters by the presence of a highly conserved potential metalloprotease motif (HEXPHEXGD) in transmembrane domain V. Here we report the location of HKE4 on intracellular membranes, including the endoplasmic reticulum, and its ability to increase the intracellular free zinc as measured with the zinc-specific fluorescent dye, Newport Green, in a time-, temperature-and concentration-dependent manner. This is in contrast with the zinc influx ability of another LZT protein, LIV-1, which was due to its plasma membrane location. Therefore we have added to the functionality of LZT proteins by reporting their ability to increase intracellular-free zinc, whether they are located on the plasma membrane or on intracellular membranes. This result, in combination with the crucial role that zinc plays in cell growth, emphasizes the importance of this new LZT subfamily, including the KE4 sequences, in the control of intracellular zinc homoeostasis, aberrations of which can lead to diseases such as cancer, immunological disorders and neurological dysfunction.
INTRODUCTION
The HKE4 protein sequence is the human homologue of the mouse KE4 gene, which has been mapped to the H2-K region of the mouse major histocompatability complex [1] . The human HKE4 has been similarly mapped to the centromeric side of the HLA class II region of the genome [2] [3] [4] [5] . Many non-HLA genes have now been identified in the HLA region.
HKE4 was originally compared with the mouse KE4 sequence, both of which contain histidine-rich charge clusters [2] . Two years later, HKE4 and mouse KE4 sequences were aligned with ZIP (Zrt-, Irt-like Proteins) transporters as unknown open reading frame sequences and shown to exhibit similarity to the consensus sequence for ZIP transporters in TM (transmembrane) domain IV [6] . However, despite this obvious resemblance, it was evident that TM V did not share the same degree of similarity to these ZIP transporters [6, 7] . When HKE4 was aligned with the oestrogenregulated gene, LIV-1, it was clear that the sequence similarity extended across both TM IV and V [8] and was contained within 39 other sequences from over 12 species [9] . The highly conserved motif of 66 amino acids, including a novel metalloprotease motif (HEXPHEXGD), was recognized as the signature sequence of this group of proteins named as the LZT (LIV-1 subfamily of ZIP zinc Transporters) subfamily of ZIP transporters [9] . Interestingly, this motif is not present in the sequences of the other three subfamilies of ZIP transporters, namely ZIP subfamilies I and II and the Gufa subfamily [10] . ZIP transporters are members of the solute carrier family 39A, with HKE4 known as SLC39A7 and LIV-1 known as SLC39A6. Of the 39 LZT sequences, we have divided 16 into a KE4 subgroup [9] , only two of which are human, HKE4 and LZT-Hs9.
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There is little functional data available for KE4 proteins. One KE4 sequence, CATSUP (catecholamines up), a Drosophila gene, has been proposed to down-regulate tyrosine hydroxylase, a ratelimiting enzyme for production of dopamine in the brain [11] . This work involved the production of knockouts in Drosophila, which were lethal, and testing mutated partial loss of function alleles. Another KE4 sequence, the Arabidopsis KE4 gene, IAR1, has been suggested to transport zinc or other metals out of the ER (endoplasmic reticulum) into the cytoplasm [7] .
Zinc is essential for cell growth and is a cofactor for more than 300 enzymes, representing over 50 different enzyme classes [12] . Zinc is involved in protein, nucleic acid, carbohydrate and lipid metabolism, as well as in the control of gene transcription, growth, development and differentiation [13] . Not only can zinc deficiency be detrimental, causing stunted growth and serious metabolic disorders [14] , but excess can also be toxic to cells [15] . Zinc cannot passively diffuse across cell membranes; therefore, specific zinc transporter proteins are required to transport zinc into the cytosol, both from the extracellular environment and storage compartments. Therefore zinc transporter proteins have a crucial role in maintaining the cellular balance between apoptosis and cell growth, aberrations of which could lead to diseases such as cancer, immunological disorders and neurological dysfunction.
The similarity of the KE4 sequences to the other ZIP transporters, known to have a role in zinc influx, suggests a common functional role. Previous studies in mammalian cells have indicated that both hZIP1 and hZIP2 are time-, temperature-and concentration-dependent zinc uptake transporters [16, 17] . Although we have described recently the ability of a member of the LZT family, LIV-1, to act as a zinc influx transporter [9, 18] , the role of the human KE4 sequences has not been demonstrated.
Clearly, it is important to determine the role of each different subgroup of ZIP transporters in cellular zinc transport and how they co-operate in the management of cellular zinc homoeostasis in order to understand their role in normal and disease processes. This is the first study of a human KE4 protein in mammalian cells, and here we investigate the expression of recombinant HKE4 protein. We have engineered both wild-type and TM deletion mutants to examine location, glycosylation, abundance, membrane topology and zinc transport ability. We have demonstrated the localization of HKE4 to intracellular membranes, including the ER, which is in contrast with the plasma membrane location of most of the other LZT family members such as LIV-1 [9, 18] . We also show how the presence of recombinant HKE4 increases the concentration of intracellular-free zinc, confirming its role as a zinc transporter.
EXPERIMENTAL HKE4 expression in human tissues
A commercially produced Multiple Tissue Expression array (MTE TM , ClonTech), containing poly r(A) from 68 normal human tissues and eight cancer cell lines, was hybridized with a 478 bp HKE4-specific probe (65-553 bp) according to the manufacturer's instructions.
Computer prediction of the HKE4 sequence
The computer prediction of HKE4 secondary structure was achieved using the GCG [Wisconsin Package Version 9.0; Genetics Computer Group, Madison, WI, U.S.A.] package of software and others, as described previously [18] . Computer alignments of KE4 and LZT sequences were performed using CLUSTAL V [19] .
Engineering HKE4 cDNA
A PCR construct of HKE4 was generated using oligonucleotide primers (overlap with HKE4 is underlined): 5 -ACAATGG-CCAGAGGCCTGG-3 and 5 -CTCAAGGTGGGCAATCAGC-AC-3 to PCR-amplify clone 1033B10 from library RPCI5 (a gift from The Sanger Centre, Cambridge, U.K.) using Biotaq DNA polymerase from Bioline (London, U.K.). The PCR product was ligated with the TOPO-TA cloning vector (Invitrogen, Paisley, U.K.), pcDNA3.1/V5-His-TOPO and cloned as described previously [18] . Constructs were validated by the BigDye Terminator cycle sequencing ready reaction kit (Applied Biosystems, Warrington, Cheshire, U.K.) and an ABI Prism 377 DNA sequencer (Applied Biosystems). TM deletion mutants of HKE4 were constructed using the same method and the following 3 -oligonucleotide primers: 5 -CCCATCTTGCAATGGTGATG-CCTC-3 to produce a 7 TM domain protein (1-449 residues), 5 -CCCATCTTTGGGTACTGTGCTCCC-3 to produce a 3 TM domain protein (1-301 residues) and 5 -CCCATCCCGGGG-AGAGTTCGA-3 to produce a 1 TM domain protein (1-170 residues). A LIV-1 construct was engineered using the same method as described previously [18] .
Expression of recombinant proteins in CHO (Chinese-hamster ovary) cells CHO cells were maintained in minimal essential medium, α-modification (Sigma) with 10 % (v/v) foetal calf serum, 4 mM glutamine, 20 µg/ml penicillin and streptomycin and 2.5 µg/ ml fungizone under 5 % CO 2 at 37
• C. Cells were transfected with the relevant pcDNA3.1/V5-His-TOPO constructs using LIPOFECTAMINE TM 2000 (Invitrogen), according to the manufacturer's instructions. Briefly, 9 × 10 5 cells, grown on 60 mm dishes for 24 h, were transfected with 8.8 µg of DNA and 27.5 µl of reagent in antibiotic-free media.
SDS/PAGE and Western-blot analysis
Transfected CHO cells were harvested exactly 24 h after transfection, lysed and prepared for Western blotting as described previously [18] . Control samples were either CHO cells transfected with the LacZ gene (Invitrogen) or CHO cells transfected with no DNA. Membranes were probed with anti-V5 antibody (1/5000 in 1 % non-fat milk/PBS) and visualized by chemiluminescence using West Femto reagent (PerbioScience, Cheshire, U.K.). To investigate deglycosylation, CHO cell lysate fractions expressing recombinant HKE4 and LIV-1 (as a positive control) proteins were incubated with 2 units of endoglycosidase PNGase F (peptide N-glycosidase F; Boehringer Ingelheim, Bracknell, U.K.) overnight at 37
• C before Western-blot analysis.
Fluorescence microscopy
Before transfection, 2.2 × 10 5 cells were grown on 0.17 mm thick coverslips for 24 h. Cells were fixed with 4 % (v/v) formaldehyde for 15 min, permeabilized with 0.4 % saponin in PBS for 15 min and kept in this buffer throughout, blocked with 10 % (v/v) normal goat serum, incubated with anti-V5 monoclonal antibody (1/1000) for 1 h at 25
• C. To determine the presence of HKE4 in the ER, the cells were also incubated with an anti-calreticulin polyclonal antibody (1/500), as a marker for the ER. The secondary antibodies, Alexa Fluor 488-conjugated anti-mouse and Alexa Fluor 594-conjugated anti-rabbit (both 1/1000; Molecular Probes, Europe BV, Leiden, The Netherlands), were incubated for 1 h and assembled on to slides using Vectorshield with 4,6-diamidino-2-phenylindole (Vector Laboratories, Peterborough, U.K.). All coverslips were viewed on a Leica RPE automatic microscope using a × 100 oil immersion lens. The fluorescent superimposed images were acquired using a multiple band pass filter set appropriate for 4,6-diamidino-2-phenylindole, fluorescein and Texas Red.
FACS analysis
For FACS analysis, CHO cells expressing the recombinant proteins were harvested carefully by pipette and resuspended into Krebs-Ringer Hepes buffer [20] and were incubated with 50 µM Newport Green diacetate (Molecular Probes) for 1 h at 37
• C. Addition of 25 µM zinc chloride or the zinc-specific chelator TPEN [N,N,N ,N -tetrakis-(2-pyridylmethyl)ethylenediamine; Molecular Probes] was also at 37
• C. A Becton-Dickinson FACS III flow cytometer and software was used to analyse FACS results.
RESULTS

Computer prediction of HKE4 secondary structure
Computer prediction of HKE4 secondary structure suggests a protein with eight TM domains, a core size of 50 kDa and a cleaveable signal peptide between residues 29 and 30 ( Figures 1 and 2A ). HKE4 is predicted to have a long cytosolic N-terminus, short C-terminus and a location on the ER membrane ( Table 1) . The sequence has no obvious ER retention motif, such as a KDEL or a C-terminal dileucine motif, apart from ARGL (residues [2] [3] [4] [5] in the N-terminus signal peptide, which would be expected to be cleaved after processing in the ER. However, it does contain both KKXX and KXKXX cytoplasmic-located dileucine motifs (at positions 377 and 271 respectively), which have been shown where n = 2, 4 or 6 by proprotein convertases [37] to lead to ER retention of membrane proteins [21, 22] . There is also a motif (HEXPHEXGD) at residues 359-367, which fits the consensus sequence for the LZT subfamily of ZIP zinc transporters [9] . This motif is predicted to be adjacent to a TM domain. However, by alignment of this area with other KE4 family members ( Figure 3 ) and comparison of the hydrophobicity plot with that of LIV-1 ( Figure 2B ), it seems probable that this motif is actually within TM domain V (Figure 3 ), as predicted for other LZT family members. This would position the initial histidine Residues coloured black and grey correspond to identical or complementary residues respectively. Arrows indicate the ZIP consensus sequence, including the positions of the conserved residues in ZIP transporters (HS and HXXE) and the conserved residues in the LZT subfamily (HNF and HEXPHEXGD). Accession numbers are given on the left-hand side column, followed by species indicators, LZT family name, any known gene names and residue number. It is clear that there is a high degree of conservation encompassing both motifs. Alignment of sequences was achieved in Clustal V [19] .
residue of this metalloprotease motif in the same position as a conserved histidine of the ZIP transporters ( Figure 3 ). This alignment confirms that there is a high degree of identical (black) and complementary (grey) residues shared by all KE4 sequences. Interestingly, those histidine residues that have been proven to be crucial for function in ZIP transporters ( Figure 3 ) are also conserved in HKE4, suggesting an ability to transport zinc or other metal ions. The HKE4 sequence contains a significantly high occurrence of histidine residues [23] in the form of (HX)n histidinerich repeats, where n is the number of repeats. Assuming both the predicted ER location of HKE4 protein and the same membrane topology as other members of the ZIP family, the histidine repeats on the N-terminus and the loop between TM II and III would be located in the ER lumen, and the histidine repeats on the loop between TM III and IV would be located in the cytosol (Figure 2A) . These histidine-rich repeats contain a number of different repeated patterns (Table 1) , a common feature of LZT sequences [9] . HKE4 is predicted to have an overall negative charge, which would be consistent with its expected role as a zinc transporter. There is no strong PEST site in the HKE4 sequence, as has been observed for LIV-1, although there are some simple dibasic motifs which can target a sequence for degradative proteolysis (Table 1) , including eight motifs recognized by proprotein convertases, six of which are predicted to reside in the cytosol.
The current number of LZT family sequences that contain the signature sequence HEXPHEXGD is 53, of which 21 belong to the separate KE4 subgroup (Figure 4 ). These LZT sequences now span 19 species in total and include mammals, insects, plants, yeast, bacteria and fungi, suggesting conservation during evolution.
Expression of recombinant HKE4 protein
We cloned the HKE4 cDNA (Q9UIQ0) into the expression vector pcDNA3.1/V5-His-TOPO to enable expression in mammalian cells from the cytomegalovirus promoter. Constructs were engineered for expression of TM deletion mutants containing in total 1, 3 or 7 TM domains to allow us to investigate the membrane topology and glycosylation. The subsequent recombinant proteins were expressed as fusion proteins with a 5 kDa V5-tag on the C-terminal end, enabling detection using the anti-V5 antibody. These plasmids were transiently transfected into CHO cells and the control CHO cells were transfected either without DNA (CHO) or with the control LacZ gene (LacZ).
To determine the mass of the recombinant HKE4 proteins, CHO cells expressing the recombinant proteins were harvested, lysed, separated by SDS/PAGE and visualized by Western-blot analysis with the anti-V5 antibody. This demonstrated a single band (56 kDa) compatible with the predicted core mass of 50 kDa for HKE4 (wild-type) and an additional 5 kDa due to the V5-tag ( Figure 5A ). The different mutants also produced bands compatible with their predicted masses, 55 kDa for 7 TM mutant (predicted 53 kDa), 36 kDa for 3 TM mutant (predicted 38 kDa) and 25 kDa for 1 TM mutant (predicted 24 kDa), allowing 5 kDa for the V5-tag.
Transfected cells were harvested at 24 h intervals for 5 days to determine the optimum transfection duration for maximal recombinant protein production. As the amount of protein produced was comparable between 24 and 96 h post-transfection ( Figure 5B ), 24 h was used for subsequent experiments.
To investigate the presence of the one predicted N-linked glycan chain at position 330 (Table 1) , HKE4-transfected CHO cell lysate was treated with PNGase F to remove any such chains ( Figure 5D ) and compared with lysate without treatment. Because of the position of this potential site, the 3 and 1 TM mutants would not be predicted to have any glycosylated side chains. However, this treatment produced no decrease in the mass of the protein bands, indicating no glycosylation at this site. This failure to decrease the molecular mass was not due to failure of the protocol as another LZT protein (LIV-1), which did contain N-linked glycan chains, gave a 10 kDa decrease under the same conditions ( Figure 5C ).
Cellular location of HKE4
For HKE4 to act as a zinc influx transporter, as suggested by its similarity to ZIP transporters, it would have to reside on the plasma membrane of cells. However, the HKE4 sequence was predicted to reside in the ER (Table 1) . We therefore prepared Association of 53 LZT family sequences was determined using the Clustal V [19] program to perform an alignment. This dendrogram shows how the 21 KE4 proteins form a separate section of the LIV-1 subfamily. The two-letter species abbreviations given below follow the accession number and precede the LZT family code [9] . Ag, Anopheles gambiae; At, Arabidopsis thaliana; Br, Brachydanio rerio; Bt, Bos taurus; Ce, Caenorhabditis elegans; Ci, Ciona intestinalis; Dm, Drosophila melanogaster; Hs, Homo sapiens; Mf, Macaca fascicularis; Mm, Mus musculus; Nc, Neurospora crassa; Pt, Pan troglodytes; Rn, Rattus norvegicus; Rs, Ralstonia solanacearum; Sc, S. cerevisiae; Sj, Schistosoma japonicum; Ss, Sus scrofa; Xl, Xenopus laevis; Zr, Zygosaccharomyces rouxii.
HKE4-transfected cells on coverslips for fluorescence microscopy imaging by fixing and incubating with anti-V5 antibody followed by an Alexa-488 conjugate. This imaging enabled localization of HKE4 to a structure with remarkable similarity to the network of the ER, including a perinuclear region ( Figure 6A1, green) . The HKE4 (Figure 6A3 , red) predominantly co-localized (Figure 6A4, yellow) with an ER marker, calreticulin ( Figure 6A2 , green), although some resided in additional, as yet undefined, structures.
The TM deletion mutants of HKE4 located at an identical cellular region as the wild-type HKE4 (results not shown), indicated that the loss of C-terminal residues did not alter the processing. To investigate the membrane topology of the HKE4 constructs, CHO cells transfected with either the wild-type or mutant were harvested and incubated with anti-V5 antibody, followed by a fluorescent secondary antibody, before fluorescence was observed by FACS analysis. This confirmed that all the recombinant proteins were located on an intracellular membrane as no fluorescence greater than the controls was obtained from non-permeabilized cells (results not shown). 
Zinc transport
To test the hypothesis that HKE4 is a functional member of the ZIP transporter family, we investigated the ability of CHO cells expressing recombinant HKE4 to alter the intracellularfree zinc content compared with control cells. Transfected cells in suspension were loaded with the cell-permeant zinc-specific fluorescent indicator Newport Green diacetate [24] , which, on intracellular esterase cleavage, binds to the pool of intracellular free zinc and acts as a fluorescent indicator for intracellular labile zinc content [25, 26] .
The resulting basal cytosolic fluorescence of the cells was documented by FACS analysis as well as their ability to respond to changes in both extracellular and intracellular zinc concentrations. We compared the HKE4 expressing cells with those expressing LIV-1, which has been shown to act as a zinc influx transporter [18] enabled by its situation on the plasma membrane. Cells transiently expressing HKE4 had an increased resting fluorescence of > 70 % of the CHO and LacZ control cells [ Figures 6B (upper panel) and 6C ]. This increase was similar to that of the LIV-1 expressing cells (Figures 6B and 6C) . This result Autoradiograph of a human multi-tissue expression array hybridized with a HKE4-specific cDNA probe. High levels of HKE4 expression are observed in placenta (B8), liver (A9), pituitary gland (D3), pancreas (B9), salivary gland (E9), kidney (A7) and prostate (E8). It can be observed that HKE4 is ubiquitously expressed in the remaining tissues, albeit at a lower level. Tissues represented on the human multi-tissue expression array: A1, whole brain; A2, left cerebellum; A3, substantia nigra; A4, heart; A5, oesophagus; A6, transverse colon; A7, kidney; A8, lung; A9, liver; A10, leukaemia HL-60; A11, foetal brain; A12, yeast total RNA; B1, cerebral cortex; B2, right cerebellum; B3, accumbens nucleus; B4, aorta; B5, stomach; B6, descending colon; B7, skeletal muscle; B8, placenta; B9, pancreas; B10, HeLa S3; B11, foetal heart; B12, yeast tRNA; C1, frontal lobe; C2, corpus callosum; C3, thalamus; C4, left atrium; C5, duodenum; C6, rectum; C7, spleen; C8, bladder; C9, adrenal gland; C10, leukaemia K-562; C11, foetal kidney; C12, E. coli rRNA; D1, parietal lobe; D2, amygdala; D3, pituitary gland; D4, right atrium; D5, jejunum; D6, blank; D7, thymus; D8, uterus; D9, thyroid gland; D10, leukaemia MOLT-4; D11, foetal liver; D12, E. coli DNA; E1, occipital lobe; E2, caudate nucleus; E3, spinal cord; E4, left ventricle; E5, ileum; E6, blank; E7, peripheral blood leucocyte; E8, prostate; E9, salivary gland; E10, Burkitt's lymphoma Raji; E11, foetal spleen; E12, poly r(A); F1, temporal lobe; F2, hippocampus; F3, blank; F4, ventricle right; F5, ileocaecum; F6, blank; F7, lymph node; F8, testis; F9, mammary gland; F10, Burkitt's lymphoma Daudi; F11, foetal thymus; F12, human C 0 t-1 DNA; G1, p.g. of cerebral cortex; G2, medulla oblongata; G3, blank; G4, inter-ventricular septum; G5, appendix; G6, blank; G7, bone marrow; G8, ovary; G9, blank; G10, colorectal adenocarcinoma SW480; G11, foetal lung; G12, human DNA 100 ng; H1, pons; H2, putamen; H3, blank; H4, apex of the heart; H5, ascending colon; H6, blank; H7, trachea; H8, blank; H9, blank; H10, lung carcinoma A549; H11, blank; H12, human DNA 500 ng.
would suggest an ability of HKE4 to alter intracellular zinc by transporting it across the membranes on which it was situated.
The ability of these cells to respond to extracellular zinc was tested by incubating them with 25 µM zinc for 15 min ( Figure 6B , lower panel). This exposure to 25 µM zinc caused a small increase in the number of CHO and LacZ control cells with increased Newport Green fluorescence, whereas both LIV-1-and HKE4-transfected cells showed a 2.5-3-fold increase in this relatively short time period ( Figure 6B , lower panel), consistent with the recombinant proteins causing this increase.
Furthermore, to test whether HKE4 could respond to alterations in zinc concentration, cells were incubated for a longer time period of 30 min with 25 µM of the cell-permeable zinc-specific chelator, TPEN, after initial treatment with 25 µM zinc for 30 min. The basal level of Newport Green fluorescence ( Figure 6C , white bars) was similar to that observed previously, with the HKE4-and LIV-1-transfected cells showing an almost 2-fold increase in Newport Green fluorescence compared with the controls. The HKE4-and LIV-1-transfected cells responded to the increase in extracellular zinc by producing a 3-or 2-fold increase in cells with high Newport Green fluorescence respectively ( Figure 6C , black bars). This increased fluorescence was reversed by the subsequent addition of cell-permeable TPEN, in both the control cells and those expressing LIV-1 ( Figure 6C, hatched bars) , suggesting that the source of the increased Newport Green fluorescence was extracellular. However, incubation of HKE4 expressing cells with TPEN, after zinc addition, did not completely reverse this observed increase in fluorescence. This result is consistent with some of the zinc-specific fluorescence originating from intracellular stores rather than from outside the cell and also the quenching of cytosolic zinc by TPEN increasing the transport of zinc into the cytosol by HKE4.
To test further the observed HKE4-related increase in zinc accumulation, zinc influx was measured over a short time period Figure 6D ). This time-and concentration-dependent ability of HKE4-expressing cells to increase intracellular zinc was also temperature dependent as there was no evidence of cellular zinc accumulation when these experiments were repeated at 4
• C (results not shown).
Tissue distribution of HKE4 expression
It is clear from the multiple tissue expression array ( Figure 7 ) that HKE4 is fairly ubiquitously expressed at low level with most obvious expression in the placenta (B8), liver (A9), pituitary gland (D3), pancreas (B9), salivary gland (E9), kidney (A7) and prostate (E8). Of interest is the general expression in the intestine (lanes 5A-5H and 6A-6C), which is the location of an LZT family member responsible for zinc uptake in that organ. A negative control on the array, Escherichia coli DNA (D12) was strongly positive for HKE4. However, this is most likely due to the presence of a family member in E. coli and not a cause for concern, since the other negative controls (A12, B12 and C12) were negative.
DISCUSSION
The present study provides evidence to support the inclusion of HKE4 in the LZT subfamily of ZIP zinc transporters [9, 10] . We have demonstrated that HKE4 is closely related to the previously described ZIP zinc transporters, especially those of the LZT subfamily [9] . Similarities include the presence of eight TM domains with a comparable hydropathy plot to LIV-1 (Figure 2 ), conserved histidine-rich repeats in three areas of the molecule (Figure 1 ), a ZIP consensus sequence in TM IV [6] and an LZT consensus sequence in TM V [9] , both of which include the conserved histidine residues important for ZIP transporter function (Figure 3 ), an overall negative charge consistent with an ability to transport positively charged ions, no strong PEST site although some dibasic degradative motifs (Table 1) and an ability to increase the intracellular free zinc concentration in a time-, temperature-and concentration-dependent manner ( Figure 6 ). All these results are consistent with HKE4 acting as a functional zinc transporter.
We have also shown that HKE4 has some unique differences from any LZT proteins investigated to date. One major discovery, with important functional implications, was the location of HKE4 on intracellular membranes including the ER, whereas most other LZT family members, namely LIV-1 [18] , LZT-Hs4 [9] and other ZIP transporters, such as hZIP1 [17] , hZIP2 [16] , Zrt1 yeast, have been located in the plasma membrane. However, this is not completely unprecedented as one other human LZT sequence, BigM103, has been localized to intracellular structures such as lysosomes and endosomes [26] .
Therefore we have shown that, when loaded with the zincspecific fluorescent dye Newport Green, cells expressing recombinant HKE4 have increased fluorescence in a time-, temperatureand concentration-dependent manner, compatible with HKE4 increasing the Newport Green fluorescence of cells by the transport of zinc via a carrier-mediated transport process. This is the first demonstration of a human KE4 subgroup protein located on the ER membrane and with an ability to transport zinc. The direction in which HKE4 transports zinc, still undetermined, can either be into or out of the ER. For example, if HKE4 transported zinc into the ER, in the opposite direction to that predicted, this may decrease cytosolic zinc and encourage zinc influx from outside down a concentration gradient, producing the observed increase in intracellular zinc. However, our results do not suggest any delayed influx of zinc into cells when transported by HKE4 ( Figure 6D ) compared with that of the zinc influx transporter, LIV-1.
Our preferred explanation is the ability of HKE4 to transport zinc out of the ER (and other intracellular stores), which would be compatible with it maintaining the same membrane topology (Figure 2A ) as other LZT family members that have been located to the plasma membrane [9, 18] . This direction of zinc transport could produce the observed increase in intracellular-free zinc ( Figure 6 ) in two ways. First, if the zinc in the ER was initially non-reactive to Newport Green being, e.g. protein bound, and then released as free zinc after it had been transported into the cytosol, this would produce an increase in Newport Green fluorescence. Alternatively, the same outcome could be obtained if the Newport Green indicator predominated in the cytosol, having not penetrated well into intracellular organelles. Although diacetate-conjugated indicators can accumulate in any of the membrane-enclosed structures within the cell [27] , it is generally assumed for calibration purposes that the indicators are located in the cytosol [24] . If this was the case, any free zinc present in these intracellular organelles would have no fluorescence until transported into the cytosol. This conclusion is not unprecedented, as the Arabidopsis KE4 gene IAR1 was also suggested to reside on the ER membrane [7] and be capable of transporting metal ions out of this organelle. Interestingly, IAR1 was functionally replaced in Arabidopsis by mouse KE4, confirming a comparable role for KE4 sequences in plants and mammals. The human BigM103 protein, another LZT family member [9] located on intracellular vesicles, has also been shown to be capable of increasing intracellular zinc accumulation in Newport Green loaded CHO cells [26] .
Further characterization of zinc transport by HKE4 into or out of intracellular stores is hampered without the availability of organelle-targeted zinc-specific indicators, such as the aequorin indicators available for calcium [28] . Overall, this result leads to the prediction that LZT members, whether located on external or internal cell membranes, can accumulate intracellular zinc in response to changes in zinc by acting as zinc transporters.
An additional LZT protein, the mouse sequence ermelin (Q8R518, 505 amino acids), has also been localized to the ER [29] . This sequence appears to be the mouse homologue of LIV-1 and as such would be expected to reside on the plasma membrane [18] . Recently, another mouse sequence (Q8C145, AK028976) with 765 amino acids has appeared in the GenBank ® , which is an exact match with the previous ermelin sequence, adding a further 260 residues at the N-terminus that closely match LIV-1. This lack of N-terminal residues in ermelin may account for this potentially erroneous location and needs to be confirmed by further investigation.
HKE4, in contrast with LIV-1, failed to exhibit plasma membrane staining under high or low zinc conditions, even in non-permeabilized cells. This suggested that its location was not post-translationally controlled by zinc levels, unlike the ZIP transporter, ZRT1, from Saccharomyces cerevisiae, which is internalized in high zinc conditions by endocytosis [30] or the Menkes copper P type ATPase efflux pump copper transporter that resides in Golgi membranes and redistributes to the plasma membrane in the presence of increased copper [31] .
Previously, HKE4 has been aligned with other ZIP transporters because of the presence of the consensus sequence for ZIP transporters in TM domain IV [6] . However, the presence of the HEXPHEXGD signature motif for LZT proteins positions KE4 sequences firmly in this LZT subfamily [9] . The presence of this unique metalloprotease motif raises the possibility that HKE4 may also have protease activity. In addition, the HKE4 sequence contains motifs recognized by proprotein convertases (Table 1) , a family of degradative enzymes important in the regulation of matrix metalloproteases. In the light of this, it will be interesting to investigate any protease activity of HKE4, although the intramembrane position of this site may hamper the task.
Another difference between HKE4 and other LZT proteins is the lack of glycosylation. This may, however, be due to either the intracellular location of the protein, leading to incomplete post-translational modifications or the fact that the only potential N-linked glycan chain attachment site was situated in TM IV (Table 1) . This TM domain is essential for zinc transport and therefore the attachment of a glycan chain in this position would be expected to disrupt the functionality of the protein.
In the present study, we demonstrate that HKE4 is ubiquitously expressed in the multiple tissue array (Figure 7 ). This result was unlike LIV-1, which was predominately expressed in hormoneregulated tissues [18] . Interestingly, HKE4 is expressed across multiple breast cancer cells but, in addition, unlike LIV-1 [32] , does not correlate with oestrogen-receptor status (results not shown). It is noteworthy that HKE4 is also ubiquitously expressed in regions of the intestine (Figure 7 , lanes 5A-5H and 6A-6C). Interestingly, hZIP4, a human LZT member [9] , has been shown to be responsible for zinc uptake in the intestine and defects in this gene result in the zinc deficiency disease acrodermatitis enteropathica [33] .
For the work reported here, we have used the sequence from accession number Q9UIQ0 (Figure 1 ), which agrees with that of a section of chromosome 6 (CAA20238, AL031228) and the mouse KE4 homologue (Q31125) [34] . There are other accession numbers that include variations of HKE4 especially in the C-terminal region D82060 [2, 9] . The sequence we have chosen aligns with the other LZT family members [9] and has close identity to the mouse KE4 sequence (AF100956), which suggests that the discrepancy between sequences is probably due to an unresolved compression in the cDNA sequence.
In conclusion, our observations provide further compelling evidence of the importance of LZT family members in intracellular zinc regulation. Indeed, HKE4 appears to be a regulator of intracellular re-distribution of zinc between the ER and cytosol, whereas additional family members, such as LIV-1, contribute to influx across the plasma membrane. It will be interesting to investigate further the functional co-operation of these differently located proteins. Given the increasing evidence of an important role for dysregulation of zinc and involvement of LZT family members in disease states (notably LIV-1 in breast cancer and hZIP4 in acrodermatitis enteropathica), it is essential that the importance of HKE4 expression on aberrant cell biology is now addressed.
